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Abstract. In this work, a recently developed numerical method that simulates the electrical 

response of a graphene/polymer nanocomposite is validated with experimental data. The 

approach is based on the multiscale method and consists of a unit cell and a representative 

volume element (RVE), accounting for aligned and randomly distributed nanoparticles. At the 

unit cell level, the material nano characteristics (filler geometry, constituent electrical and 

interfacial properties) are integrated into a local resistance algebraic matrix. The material 

architecture is then modelled at the micro-level (RVE) by a user-defined distribution of the unit 

cell electrical properties. A statistical sample was studied and the average electrical response 

was compared with measurements for direct (DC) and alternate current (AC). The proposed 

methodology accurately describes the nanocomposite electrical behaviour with its volume 

fraction and loading frequency. The model is proven to be an effective, flexible and time-

efficient tool to design and optimize advanced nanocomposite systems. 

Keywords: Nano-structures, Polymer, Graphene, Percolation Threshold, Finite Element 

Analysis (FEA), Computational modelling, Electrical Properties, Electrical Conductivity 

1 Introduction 

1.1 Background 
Conductive polymers are considered for their potential applications in light emitting 

devices, batteries, electromagnetic shielding and piezoresistive sensors. In literature, there are 

several material systems proposed, including all the possible combinations of insulating 

polymer and conductive nano-micro-particle, such as carbon black [1-2], metallic powder [3–5], 

polyaniline [6], MWCNTs and graphite [7]. Great attention has also been paid to polymers 

reinforced by graphene and its derivatives, due to progress in their manufacturing process and 

attractive thermal and electrical behaviour [8–15]. ]. The effect of the multilayer graphene 

thickness and temperature on electrical conductivity was studied in [8], while the impact of 

synthesis on electrical performance was explored by studying compacts of graphene [9], 

graphene oxides produced by different synthesis routes [10] and reduced graphene oxides [11]. 

In [12], reinforcing polymer with graphene resulted in significant improvement of the thermal 

performance, while the thermal transport was studied for free-standing graphene nanoribbon as 

a function of temperature [13], and for suspended graphene sheets with different sizes [14]. 

Large-area reduced graphene oxide thin film was fabricated and examined by the authors in [15] 

that showed improved electrical and thermal conductivity with enhanced electromagnetic 
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interference shielding compared to conventional small-area graphene oxide. The 

aforementioned studies demonstrated the high sensitivity of graphene electrical and thermal 

performance on the synthesis process and the ability they offer to customise material response.  

In addition, graphene sheets or graphene nanoplatelets (GNP) have been proven to form stable 

conductive networks [16] in a lower volume content due to their 2D shape and relatively high 

aspect ratio (AR). It should be noted that there is a large variation in the measured electrical 

behaviour [16-23], in terms of percolation threshold and electrical conductivity. Alkyl-

functionalised graphene/PDMS was prepared exhibiting a percolation threshold of 0.63vol% 

[16]. Expanded graphite (EG)/PMMA showed a percolation threshold of 0.6vol% when 

prepared by direct solution blending of PMMA with EG [17], in the work of [18] it was found 

1wt%, while for the graphite nanosheets/PMMA was set as low as 0.31vol% [19]. In [20], 

graphene/polyurethane was manufactured with three different dispersion methods, where 

solvent mixed samples exhibited a percolation threshold of 0.3vol%, melt-intercalation samples 

showed 0.5vol% and for in-situ polymerised composite samples the threshold was between 0.3 

and 0.5vol%. The thermal, electrical and mechanical properties of silicone rubber reinforced 

with graphene nanoplatelets was studied, revealing a notable enhancement, although the 

percolation transition was not achieved even for 8wt% loading [21]. In [22], graphene 

nanosheet/aluminum nitride composites were prepared by hot-pressing, showing typical 

percolation behaviour with a percolation threshold of 2.5vol%. Finally, hybrid graphene-carbon 

nanotube/polypropylene nanocomposites were manufactured to investigate the synergistic effect 

between the graphene and carbon nanotube particles on the composite’s electrical performance 

[23]. In summary, the filler geometry, constituent properties and manufacturing processes in 

conjunction with the probabilistic nature of conduction, affect significantly the electrical 

response of the nanocomposite. This is giving the research engineer the opportunity to form 

extremely customised material structures corresponding to their design needs and means of 

production. However, investigating all these variables experimentally (by trial and error) 

becomes a time consuming, cost expensive and cumbersome exercise, especially when the 

probabilistic nature of the nanocomposite needs to be considered. As a consequence, a reliable 

numerical model is needed that can be used as an effective tool for the design optimisation and 

accurate prediction of the nanocomposite electrical performance.   

1.2 Electrical Simulation Models 
Although material preparation and experimental work exhibit high financial and time 

cost, there are only a few computational models that can accurately estimate the electrical 

response of graphene reinforced polymers. Many of them are poorly or not validated with 

experimental data. In literature, the electrical simulation models are divided into two main 

categories- the percolation threshold models and the ones predicting the electrical conductivity 

with nanocomposite’s  volume fraction and loading frequency. The percolation models 

proposed were taking into account the filler shape, aspect ratio, tunnelling distance, overlapping, 

and the formation of agglomerations. Oskouyi et al. [24] apply the Monte Carlo method to 

model the percolation threshold for disk-shaped fillers, while, Ambrosetti et al. [25] conducted a 

numerical study to investigate a system’s percolative properties consisting of hard oblate 

ellipsoids of revolution surrounded with soft penetrable shells. Otten et al. [26] developed an 

analytical approach to investigate the percolation behaviour of polydisperse nanofillers of 

platelet-based composites but the effect of the filler properties distribution was not considered. 

Also, their modelling approach was subjected to certain limitations, like the platelet thickness 

and tunnelling decay length being of the same order of magnitude, or the disk-like filler 

diameter to be much larger than the filler thickness. Regarding  the effect of reinforcing 

particles overlapping and agglomerations, Xia et al. [27] proposed a numerical simulation which 

is able to predict the percolation threshold for identical ellipses with the overlapping effect for a 

2D structure, while Vovchenko et al. [28] predicted the percolation threshold of composites 

filled  with intersecting circular discs in a 3D structure. Apart from the conventional approaches 

to predict the percolation threshold for materials reinforced with 2D particles, Mathew et al. 
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[29] conducted a Monte Carlo study on the percolation of hard platelets in a 3D continuum 

system considering the rate of order in the microstructure, with the employment of isotropic-

nematic (IN) transition. 

 Despite the satisfactory number of methods predicting the percolation threshold of 

graphene/polymer nanocomposites, there are only a few studies simulating their electrical 

conductivity. Hicks et al. [30] developed a tunnelling-percolation model to investigate electrical 

transport in nanocomposites reinforced by rectangular 2D particles forming 2D networks. 

However, the application of this model is limited to the simulation of aligned graphene 

nanocomposites, while in common graphene reinforced nanocomposites, fillers exhibit a wide 

range of shapes and the conductive network formed is considered to be a 3D one. In a later 

work, Ambrosetti et al. [31] studied the electrical conductivity of an insulating matrix reinforced 

with conductive ellipsoids by assuming that an expected curve of electrical conductivity 

variation would be applied and finally be reduced in a geometrical form taking into account the 

inter-particle distance and the tunnelling distance.  Oskouyi et al. [32] developed a 3D Monte 

Carlo model to study the percolation, conductivity, and piezoresistive behaviour of composites 

filled with randomly dispersed impenetrable conductive nano-disks. Finally, a continuum model 

to determine the effective AC and DC electrical properties of graphene nanocomposite was 

developed by Hashemi and Weng [33]. Their approach consisted of three major components, 

embodying the most fundamental characteristics of the graphene nanocomposites, i.e. 

percolation threshold, interface effects and the additional contribution of electron hopping and 

micro capacitor structures to interfacial properties. Considering all these numerical models, 

except of [33], the rest [30-32], did not provide sufficient proof of validation with relevant 

experimental studies. Although these results seem to be in accordance with physical 

observation, a straightforward point to point comparison with experimental data is missing, 

questioning the model’s validity and applicability to different structures of nanocomposites.  

In this paper, a multi-scale multi-physics finite element model is developed to describe 

the electrical response of recently tested graphene/polymer nanocomposites. It focuses on more 

realistic material systems accounting for irregularities and filler dispersion. To build the FE 

model, the nanocomposite architecture was identified in detail by defining the material phases 

and their electrical properties, particle average geometry (diameter and thickness) and filler 

distribution. Once, the properties were obtained, they were used at the unit cell level to model 

the local electrical conduction. Then, at the RVE scale, the already obtained electrical response 

was distributed in accordance with the decided particle distribution. A statistical sample was 

processed and the basic statistical features (average, standard deviation) were calculated and 

compared with experimental data. In terms of structure, different types of internal 

nanocomposite architecture were studied, such as the case of polymer intercalation among 

graphene sheets of graphene nanoplatelets, aligned graphene sheets through AC electric fields, 

random filler distribution and aligned graphene sheets through the hot-press manufacturing 

process.   

2  Methodology and Results 

2.1 Model Overview 
To simulate the electrical response of experimental data published for certain 

nanocomposite material systems, the multi-scale multi-physics finite element model (FEM) 

presented in [34] and [35] is employed. The modelling approach consists of the creation of a 

unit cell and a micro-scale nanocomposite model (Representative Volume Element - RVE) on a 

commercially available finite element package (Multi-physics ANSYS APDL).  

The unit cell consists of one graphene nanoplatelet surrounded by a thin layer of 

polymer in accordance with the hard-core penetrable shell approach [25,29]. This polymer layer 
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represents the inter-plate volume between successive graphene reinforcements, in which the 

quantum conduction phenomena (tunnelling effect, electron hopping) take place. The main 

parameters derived from this model are the geometrical description of the nanoparticle (shape, 

dimensions), the electrical response of the nanoparticle in respect of its manufacturing process 

and the height of barrier being related to energy barrier between the nanoparticle and the 

insulator to be penetrated by the electrons [36]. The unit cell is loaded with a constant electric 

potential for the case of direct current (DC) response, or with an alternating current for the case 

of AC loading, so as to compute the resistance matrix representing this system in respect to the 

unit cell parameters and the loading frequency when AC loading is applied.  

The RVE is a rectangular block, where its resistance matrix elements, obtained earlier 

through the unit cell, are distributed under a user-defined distribution. The block side is 

assumed to be 5 times the maximum nanoparticle dimension d [34]. The unit cell material 

properties distribution represents the position of graphene in the bulk volume of the 

nanocomposite and it is influenced by the nanocomposite manufacturing process. Finally, the 

orientation of graphene is simulated by a 3D random orientation of the corresponding element 

local coordinate system. The range of orientation angle is affected by the manufacturing process 

and the application of electric or magnetic field could have introduced particle alignment, 

enabling the formation of conductive paths. 

2.2 Electrical Response under DC Loading 
In order to prove the model’s ability to predict the electrical response of material 

systems of different structure and manufacturing process, two different sets of experimental data 

were used. The first one is the result of the experimental work performed by Chen et al. [19] 

related to nanocomposites prepared by in situ polymerisation of PMMA/graphite nanosheet 

(NanoG) composite films, while the second one is about aligned graphene flakes epoxy 

nanocomposite produced by Wu et al. [37]. 

2.2.1 Model Validation by Chen et al. data [19] 

In this experimental work [19], expanded graphite was prepared according to the 

literature reports [38,39], and the graphite nanosheets were made by immersing the expanded 

graphite in an aqueous alcohol solution and subjecting to powdering in an ultrasonic bath. The 

resulting graphite sheets had a diameter of 0.5-20 μm and thickness of 30-80 nm. In accordance 

with the stated manufacturing process, the graphite sheets are estimated to have an in-plane 

electrical conductivity of 6.94S/m [40]. Although the manufacturing process is not one-by-one 

identical to the one published, it could be an acceptable assumption since more reliable data 

were not available. Moreover, the inner structure of the graphite nanosheets was examined by 

TEM technique, showing that some of the nanosheets were composed of thinner sheets with a 

thickness of about 2-5 nm.  

The nanocomposite material was fabricated by an in-situ polymerization method, where 

MMA (methyl methacrylate) monomer and NanoG were put in an ultrasonic bath, followed by 

the addition of BPO (benzoyl peroxide) and the sonication was kept on until the polymerisation 

took place and the suspension turned to solid. The conducting films of 50-100μm were made by 

casting the dispersion on glass slides. This manufacturing process, when aided by the sonication 

of the graphite nanosheets with MMA monomers, could lead MMA monomers to penetrate into 

the nanospace inside the 30-80 nm thick NanoG resulting in thinner graphite sheets. The whole 

process and the resulted nanocomposite structure is summarised in Fig. 1. 

In this numerical analysis, the graphite sheets were modelled as circular sheets with a 

diameter of 20μm and thickness of 2nm, while the height of barrier of the PMMA is estimated 

to be 1eV [41]. Each graphite sheet of thickness 2nm is a part of a stack of graphite sheets with 

a thickness of 30 nm, leading to a local distribution through-the-thickness of the graphite stack. 

This nanostructure feature could be approached by a macroscopic through-the specimen-
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thickness graphene distribution with a mean value (μ) equal to the half thickness of the RVE 

and standard deviation (sd) to be subject of parametric study. 

 In Fig. 2, the effect of standard deviation on the percolation probability and the 

percolation threshold (1) is studied, according to the work performed in [34]. The percolation 

probability P(Vf) is the probability of a specimen to be conductive, and it is defined as the ratio 

of the number of conductive specimens to the total number of specimens examined for a stated 

volume fraction (Vf).  The percolation threshold (Vp) is defined as the critical Vf above that a 

nanocomposite is considered conductive. In statistical terms, the percolation threshold is found 

when the 50% of the statistical sample is conductive. The percolation probability for a given 

volume fraction rises with decreasing standard deviation sd of the filler distribution, while for 

sd=2.5μm the obtained percolation threshold is Vp=0.58% comparable to the percolation 

threshold shown on the experimental curve (Fig. 2) being close to 0.55vol%. 

     pff VVAVP  tanh1
2

1
       (1) 

As far as the variation of electrical conductivity as a function of the Vf is concerned, in 

Fig. 3 the comparison between the experimental curve and the computational curves is 

presented. It is shown that for standard deviation sd=2.5μm the experimental results were better 

represented by the simulation curve lying among the experimental points. It could be concluded 

that the distribution of the filler is not common for volume fraction, since the volume fraction 

changes significantly the homogeneity of the material systems. Increasing Vf arises two main 

phenomena in the nanocomposite structure with opposing effects on the electrical conductivity 

– the formation of conductive paths and the formation of agglomerations. For Vf around the 

percolation threshold, the increase of conductive paths has a greater influence on conductance 

compared to the limited formation of agglomerations. For Vf ranging between 2.5% and 4%, the 

increasing agglomerates are reducing the conductive paths, thus requesting higher sd on the filler 

distribution. Finally, for Vf>4% the two phenomena are shown to be balanced and agglomerates 

to have less effect.  To predict these phenomena and bound the resulting electrical response, the 

same analysis could be run for two extreme values of standard deviation, lower and higher than 

sd=2.5μm.  

2.2.2 Model Validation by Wu et al. data [37] 

In this experimental work performed by Wu et al.[37], graphene nanoplatelets (GnPs) 

with a diameter of 25μm and an average thickness of 6nm were commercially obtained (XG 

Science). The suggested epoxy nanocomposites with contents of 0.27, 0.54. 0.81 and 1.08 vol% 

were fabricated by combining sonication and calendaring processes. At first, the GnPs were 

mixed with the liquid epoxy resin using ultrasonic homogenizer, and the mixture was then 

further processed by a three-roll mill. After this dispersion process, the hardener was added. 

Finally, the GnPs were aligned by using an AC electric field.  

In this case, at first the nanocomposite with random filler orientation was modelled for 

comparison and then the architecture of the nanocomposite with aligned graphene particles was 

approached. Regarding the aligned GnP nanocomposite, the architecture of the experimental 

material was studied and these conclusions were applied to our modelling approach. In Figure 

1d of ref [37], the optical micrograph of GnPs in the liquid epoxy resin for 0.054vol% after the 

application of the AC electric field for 20min is displayed. It could be seen that discrete paths of 

GnPs were created along the specimen, portrayed in reconstructed figure Fig. 4. This finding, 

based on the optical observation, is further supported by the results by appropriate image 

processing of the micrograph calculating the variation of GnP concentration transverse to the 

GnP paths. In Fig. 4, it could be calculated that by setting a concentration threshold of 10%, 212 

peaks were found, on a specimen with a width of 1075.758μm, resulting on average to 0.197 

GnP paths per 1 μm width. Therefore, an additional distribution is applied to simulate the 

aligned structure of the GnPs. The number of elements transverse to the alignment direction is 
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multiplied by the number of GnP paths/μm obtained previously and the resulting number is the 

number of paths to be created longitudinal to the specimen. In accordance to this, it is expected 

to have 6 paths and a parametrical study for 4, 5, 6 and 10 paths is performed to investigate the 

effect of GnP paths density on the electrical performance of the nanocomposite.     

The effect of the GnP paths density on the percolation probability is depicted in Fig. 5. 

Decreasing the GnP paths density, the obtained percolation threshold decreased significantly, as 

expected. The GnP particles are aggregated to specific areas longitudinal to the specimen length 

forming specific discrete paths. Decreasing GnP paths density leads to less discrete paths which 

are, nevertheless, complete and more intense to cover the specimen full length and carry the 

electrical load.  

From Fig. 6, it could be noted that there is not a specific value for the GnP paths density 

able to simulate the nanocomposite structure for every volume fraction, while this result could 

be supported by physical/experimental observations. Increasing volume fraction leads to 

increasing number of particles being able to form paths, therefore, leading to the creation of 

more conductive paths. In addition to this, increase in GnP content could lead to decreased GnP 

mobility, creating locally paths which would raise the average path density. For a specific value 

of Vf, the increase in GnP path density reduces the electrical conductivity. For every value of Vf 

a specific number of particles is available, and when GnP path density is increased this constant 

amount of particle is distributed to many paths, resulting to particle paths with a poor 

connection (bigger gaps as particles are further apart).  

2.3 Electrical Response under AC Loading 
The ability of the model to predict the electrical response of material systems under 

alternating current was explored and two different sets of experimental data were used. The first 

one is the result of the experimental work performed by Yu et al. [42] related to nanocomposites 

prepared by a combination of in situ polymerisation and solution method of PVDF/reduced 

graphene sheets composite, while the second one is about the experimental work by Shang et al. 

[43], where oriented PVDF/graphene nanosheets nanocomposite was fabricated by compression 

- moulding. 

2.3.1 Model Validation by Yu et al. data [42] 

In this experimental work [42], reduced graphene sheets were fabricated by heating 

GOs, obtained from natural graphite with the modified Hummers method. The graphene sheets 

in aqueous solution exhibited an average thickness of 1nm, while the average diameter was 

considered around 2μm with a minimum value of 0.1μm and a maximum value of 7μm [42]. 

The nanocomposite material was prepared by a solution method and the dried mixture was 

compressed into films with a thickness of around 420μm at 180
o
C under a pressure of about 

10MPa.  

The nanocomposite architecture was approached by a random distribution of the 

graphene sheets in the polymeric volume. Two graphene sheets cases were considered - the first 

one has a diameter of 2μm and the second one has a diameter of 0.1μm, both with a thickness of 

1nm. The graphene sheets were assumed to have an in-plane conductivity of 350S/m and 

relative permittivity of 15. In addition to this, in the unit cell scale, the Maxwell – Wagner - 

Sillars interfacial polarization [44] was taken into account. The resulting     
  was used to model 

the dielectric permittivity of the polymer layer surrounding the graphene sheets (2), where      
  

is the complex relative permittivity of the conductive component,     
  is the complex relative 

permittivity of the insulator and x is the insulator volume fraction. The created model was 

solved for a range of frequencies 10
2
-10

6
Hz. The complex relative permittivity is defined as (3) 

with the real part being the relative permittivity ε (εr=ε) and the imaginary part being    
 

     
 

(σ is electrical conductivity, f is the frequency and εο is the permittivity of free space), 

combining both the relative permittivity and the electrical conductivity of the material.  



  

 

*
Corresponding Author  7 

  **

**
*

1 inscond

condins
net

xx 







        (2) 

                  (3) 

The effect of the simulation parameters on the analysis results compared to the 

experimental data for frequency f=100Hz, is shown in Fig. 7 and Fig. 8. It could be concluded 

that the best correlation is achieved by the combination of x=10
-12

, graphene in-plane 

conductivity σ=350S/m and graphene diameter 0.1μm. According to [11], the GO films, 

obtained from the petri dish after drying, exhibit low electrical conductivity and they should be 

treated with hydrohalic acids as reducing agents to recover the electrical conductivity to 

possible extent. Moreover, GO is not stable in high temperature as holes are formed by CO2 

elimination, thus reducing its electrical conductivity. Comparing the procedure of [11] with the 

experimental procedure of [42], it could be concluded that the graphene sheets obtained in [42] 

have much lower electrical conductivity than the expected value (≈2∙10
3
-10

5
S/m), supported by 

the findings of the numerical analysis compared to the experimental measurements. Finally, 

regarding the filler size, the best correlation was achieved when the minimum graphene sheet 

diameter was considered. Due to the ultrasonic wave and the stirring applied, collisions among 

graphene particles may take place, breaking the particles and hence reducing their size. 

Therefore, the distribution of the filler diameter when the filler is in an aqueous solution, is not 

really representative of the final product.          

In Fig. 9 and Fig. 10, the variation of electrical conductivity and relative permittivity in 

respect of the alternate current frequency and the nanocomposite weight fraction is presented, 

considering in-plane filler electrical conductivity of 350S/m and Maxwell – Wagner - Sillars 

insulator volume fraction x=10
-12

. The experimental electrical conductivity and relative 

permittivity are well correlated with the simulation results, giving confidence to assumptions 

and simplifications made.  

2.3.2 Model Validation with Shang et al. [43] 

Shang et al. [43] presented the fabrication and dielectric properties of oriented PVDF 

nanocomposites incorporated with graphene sheets. Although, the manufacturing process is the 

same in general with the one presented by the Yu et al. [42], there are some slightly different 

steps followed able to result in a different electrical response and architecture. The GO particles 

were reduced in the presence of PVDF particles obtaining GNS/PVDF solution, compared to 

the work [42], where the graphene sheets were fabricated by heating GO separately. Finally, the 

GNS/PVDF solution was drop cast in a glass plate and kept in an oven at 80
o
C for 3h for the 

solvent to be slowly evaporated and obtain the GNS/PVDF composite films, while the final 

pieces were compression-moulded into steel board at 210
o
C for 20min at a pressure of 15MPa. 

It should be noted that the compression moulding conditions were higher than the ones in [42], 

contributing to the different material structure obtained, as it was observed that the graphene 

sheets exhibited some degree of alignment. In addition to this, in accordance with the results 

obtained in work [35], it could be assumed that the in-plane filler distribution could be random 

due to the solution casting of the films, whereas a through-the-thickness Gaussian distribution 

could be assumed due to the hot-pressing of the films.   

Taking into consideration the manufacturing process, it could be estimated that the 

electrical conductivity of graphene sheets is 7S/m, since the GO sheets reduction took place in 

presence of the PVDF particles, the recovery of graphene sheets’ electrical conductivity could 

not be complete. The filler diameter was considered to be 2μm and its thickness was set equal to 

10nm as it was stated in [43]. Moreover, the interphase developed between the graphene sheets 

and the PVDF matrix is expected to be different than the usually obtained. As a consequence, 

the height of barrier was estimated to be equal to 2.5eV, while the insulator volume fraction 

found on the Maxwell - Wagner - Sillars equation was assumed x=10
-16

, significantly smaller 
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than the value estimated previously. Since the GO sheets were reduced in the presence of the 

PVDF particles, it is expected a more fine and thinner interphase to be produced. 

In Fig. 11 and Fig. 12, the simulation results obtained for standard deviation sd=1.64μm 

of the through - the - thickness filler distribution are compared with the corresponding 

experimental ones [42]. A good correlation between numerical and measured data is achieved 

mainly at the lowest and highest volume fraction. Although for the rest of the volume fractions 

there is a discrepancy, overall the model could be considered as providing an acceptable 

description of this nanocomposite type response. Moreover, these volume fractions are close to 

the percolation threshold and considering that the statistical samples around this threshold 

exhibit significantly high standard deviation due to the variant percolation probability, the 

experimental data are expected to differ from the average value of the analysed numerical 

sample.    

3 Concluding Remarks 
The validation of the model presented in [34] and [35] examining the effect of the 

nanocomposite architecture based on a number of experimental case studies, has been 

performed. Four different experimental data sets corresponding to different excitations (DC and 

AC) and different nanocomposite structures (random and aligned) obtained from some of the 

most common and up-to-date manufacturing processes have been studied. It could be seen that 

the proposed model was able to simulate successfully the electrical response of the 

nanocomposites studied, while by appropriately varying the material properties/filler 

distribution applied at the RVE scale, any nanocomposite architecture could be approached with 

great accuracy, without being necessary to create complicated geometries to analyse. In addition 

to this, although in most cases, filler characteristics (diameter and thickness) distribution was 

not stated, some approximation could be made by using a constant value around the average of 

the distribution. However, one of the most challenging parts of our modelling is the assumptions 

regarding the material properties corresponding to the filler and the interphase developed 

between the matrix and the filler. There is high uncertainty on the determination of the material 

properties, since the effect of the manufacturing process of the filler and the nanocomposite is 

not clearly reported in the literature. An inaccurate estimation of constituent properties used in 

the model could result in misleading conclusions, in terms of the value of the relative 

permittivity and hence electrical conductivity. The type of the function though is expected to be 

independent of the absolute values used.  

Finally, once the modelling was adapted to the special characteristics of the 

nanocomposite examined, it could be easily noticed that the obtained numerical response of the 

materials system, was in accordance with the physical observations, while the experimental data 

were found to lie between the limits of the statistical sample. The higher the volume fraction 

was, the lower the statistical range would be, since increasing volume fraction corresponded to 

higher percolation probability and therefore to a more homogeneous sample of material 

structure for a given volume fraction. Taking everything into consideration, it could be 

concluded that the suggested modelling procedure is successful and able to simulate accurately 

the electrical response of a wide range of different architectures under the most common 

excitations - DC and AC. The numerical model could also be used to design and optimise new 

improved nanocomposite systems, reducing the need for experiments based on trial and error 

that can be an expensive exercise. 
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Fig. 1 Schematic representation of the in situ polymerisation and the nanocomposite structure 

based on [19]  

Fig. 2 Percolation Probability vs GnP volume fraction (Vf) for random and normal distributions 

of graphite nanosheets through-the-sample thickness.  

Fig. 3 Electrical conductivity vs Vf, experimental data [19] are compared to numerical 

predictions (lower bound plotted for st. deviation sd=6.67μm and upper bound for sd=1.25μm) 

Fig. 4 Image reconstruction of Wu et al. [37] figure 1d and processing for the calculation of  

GnP concentration transverse to the GnP paths.  

Fig. 5 Percolation Probability variation as a function of volume fraction Vf and GnP paths 

density 

Fig. 6 Comparison between experimental data [37] and numerical results for different GnP 

paths density assuming randomly oriented GnP 

Fig. 7 Variation of electrical conductivity as a function of weight fraction at 100Hz for different 

graphene sheets diameter d, graphene in-plane conductivity σ and Maxwell – Wagner - Sillars 

insulator volume fraction x 

Fig. 8 Relative permittivity against weight fraction at 100Hz considering different values of 

graphene sheets diameter d, graphene in-plane conductivity σ and Maxwell – Wagner - Sillars 

insulator volume fraction x 

Fig. 9 Electrical conductivity vs weight fraction for frequencies of 102-106Hz (Graphene sheets 

d=0.1μm, σ=350S/m and x=10
-12

) 

Fig. 10 Relative permittivity vs weight fraction for frequencies of 10
2
-10

6
Hz (Graphene sheets 

d=0.1μm, σ=350S/m and x=10
-12

) 

Fig. 11 Electrical conductivity vs volume fraction for frequencies of 10
2
-10

6
Hz (sd=1.64μm, 

σ=7S/m, x=10
-16

) 

Fig. 12 Relative permittivity vs volume fraction for frequencies of 10
2
-10

6
Hz (sd=1.64μm, 

σ=7S/m, x=10
-16

) 
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